Abstract LaNiO 3 coatings on nickel-foam supports were prepared by brush painting. The electrochemical properties were investigated by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). Comparative studies were performed with LaNiO 3 -pelleted electrodes. The roughness factors were determined by CV and found to be 5,208 ± 350 and 4,037 ± 250 for the pelleted and coated electrodes, respectively. EIS measurements confirm the results obtained by CV. Values lower than 0.3 were calculated for the morphology factors for both electrodes, indicating low electrochemical porosity. The experimental method used in this work to synthesise the oxide coupled with the use of Ni foam as support has proved to be very effective in producing oxide electrodes with surface areas higher than those referred to in relevant literature.
Introduction
Perovskite-type oxides, with the general formula ABO 3 , are catalysts of great diversity because of the wide range of ions and valences that the structure can accommodate. The bifunctional character of these materials is the subject of research in view of the need for alternatives to noble materials and of the paramount importance of electrode development for next generation of regenerative fuel cells.
For the design of practical electrocatalyst electrodes, reasonable electrical conductivity, durability, catalytic activity, selectivity and surface area are important factors. Large surface areas are usually associated with high catalytic activities, and strong dependence on the oxide and electrode preparation methods. In the case of oxide coatings, the support material is a key parameter. Several materials are widely used as supports, namely titanium, steel and nickel. With the aim of increasing the surface area, foam nickel substrates have been used with success for the electrodeposition of NiO films for lithium-ion batteries [1] .
Nickel containing perovskite-type oxides have been reported among the most active materials for oxygen evolution reaction (OER) in alkaline media as well as demonstrating good electrocatalyst properties for oxygen reduction reaction (ORR) [2] . In particular, LaNiO 3 has been recognised as one of the most promising electrodes for oxygen evolution and reduction [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , and its potential use as bifunctional oxygen electrode [10, 13] .
It is well known that the electrocatalytic activity depends on the oxide preparation method, namely, on the precursors, pH and synthesis temperature as well as on the electrode fabrication. Based on our experience in developing oxide electrocatalysts [14] [15] [16] [17] [18] [19] [20] , the present study represents our continuing effort in search of more active bifunctional electrode materials. Previous studies on the catalytic activity towards the OER in alkaline medium showed that an increase on the electrode activity, when compared with relevant published data, is mostly related to geometric factors [20] . This report covers a study on the electrochemical properties of LaNiO 3 electrodes in the form of coating on nickel-foam supports. It is expected that the nickel-foam can give dimensional stability to the electrode material, low contact resistance between the oxide and support and possibility of high loading of metal oxide. Consequently, it may play a favourable role in improving higher catalytic activity of the oxide electrode.
A similar study was performed on LaNiO 3 -pelleted electrodes for comparison purposes.
Experimental
The perovskite-type oxide LaNiO 3 was prepared by a self-combustion method using citric acid, as previously reported [20] . Stoichiometric amounts of La 2 O 3 (99.95 %, Sigma Aldrich), previously heated at 1,173 K and Ni (99.99 %, Sigma Aldrich) were separately dissolved in HNO 3 (69 %, Sigma Aldrich). Citric acid (99 %, Sigma Aldrich) was added in equal amount to the total metal ions. The solution was heated up on a sand bath with consequent degradation and combustion of the resulting gel. The dry product obtained was heated at 873 K for 6 h to remove the residual organic matter, and the resulting powder was finally heated at 1,173 K in air for 12 h.
Structural characterisation was performed by X-ray diffraction (XRD) using a Philips PW 1730 diffractometer, operating with Cu Ka radiation. The cell parameters were calculated by the Unit cell program [21] .
The films were prepared by coating (brush painting) a nickel-foam support (Goodfellows, 1.6-mm thickness, 95 % porosity and 20 pores cm -1 ), typically 0.5 9 0.5 cm 2 , with a suspension of the oxide in TritonX-100 Fluke Chemie AG. After each application, the solvent was evaporated and the dried layer fired, in an oven, until temperature reached 673 K followed by 3 h at 673 K. The oxide loading was controlled to be around 89 ± 5 mg cm -2 . With regard to the pelleted electrodes, the oxide powder (around 140 ± 8 mg) was uniformly distributed onto an inserted Pt mesh and pressed into 1 mm thick, 1 cm 2 platelet pellets under 40 bar pressure and sintered at 1,173 K in air for 6 h. The electrical contact was made by welding the Pt mesh to a silver wire. The samples were then mounted in a glass tube with araldite epoxy resin, so that the electrolyte could only make contact with the oxide. Three specimens were prepared for each type of electrodes, two for the electrochemical experiments and one for morphological characterisation.
The global aspect of the electrodes was observed by optical microscopy (Nikon SMZ 1500) and the morphology was observed using a Phillips scanning electron microscope, Model XL 30 FEG, coupled to an energy dispersive spectrometer, EDS. AFM-images were recorded in tapping mode in a nanoscope IIIa multimode microscope (Digital Instruments, Veeco). Measurements were performed in air using etched silicon cantilevers (RTESP, Veeco) with a resonance frequency of ca. 300 kHz.
On the electrochemical studies a conventional threeelectrode glass cell was used. The measurements were carried out at room temperature, using Hg/HgO (?0.098 V vs. SHE) as the reference electrode and Ni foam as counter electrode. A potassium hydroxide 1 M solution ([90 %, Sigma Aldrich) was prepared using Millipore Milli-Q ultrapure water (18 M X cm). Before each electrochemical measurement, the KOH 1 M solution was purged with high-purity N 2 .
A Voltalab 32 radiometer apparatus associated to an IMT 102 interface controlled by a personal computer through the VoltaMaster 2 software was used for the cyclic voltammetric studies.
The electrochemical impedance measurements were performed using a frequency response analyser (model 1250, Solartron) connected to an electrochemical interface (model 1286, Solartron).
Spectra were obtained at several points along the polarisation curve, in the potentiostatic mode. Impedance spectra were recorded at ten points per decade by superimposing a 10 mV ac signal typically over the frequency range from 25,000 to 0.001 Hz.
Results and discussion

Material characterization
The XRD pattern of the obtained product, presented in Fig. 1 Individual particles were not discernible, and the aggregates had irregular shapes. From these results it is reasonable to assume that both coating and pellet electrodes have very high electrode/electrolyte contact area which is beneficial for oxygen evolution anodes. Figure 3 displays the 2D and 3D AFM-images of the surface of the LaNiO 3 /Ni (a) and pelleted (b) electrodes. As can be seen, the perovskite films present globular-shaped grains, densely packed and well distributed on the Ni foam substrate, while the pellets show a more even surface. The electrodes'root-mean-square roughness (Rq) was determined in an area of 3.5 9 3.5 lm 2 . The coating exhibits an Rq value of 336 higher than 233 nm found for the pellet. These values indicate that the pellet is slightly smoother than the coating in accordance with the recorded images. [23] . This value can be understood in terms of the surface equilibrium of the redox couple Ni 3? / Ni 2? , depending on the ratio of the two species at the oxide surface. On the other hand, the E oc for the coating is lower than the one for the pelleted electrode, approaching the value obtained for the Ni foam support. This result indicates a possible contact between the electrolyte and the Ni foam through the oxide pores.
Cyclic voltammetry
Electrochemical characteristics of the two kinds of electrodes were investigated by cyclic voltammetry (CV). Figure 4 presents typical stabilised cyclic voltammograms recorded for LaNiO 3 -pelleted and coated electrodes in KOH 1 M at a sweep rate of 10 mV s -1 . A voltammogram for the Ni foam support is also presented. For all the electrodes, an anodic and the corresponding cathodic peak are observed, prior oxygen evolution, usually assigned to the redox pair Ni 3? /Ni 2? [6] [7] [8] [9] 24] . For the oxide electrodes, another cathodic peak was observed, in the negative potential range around -0.025 V vs. Hg/HgO attributed to the oxygen reduction [10] , which is more evident for the pelleted electrodes.
The average values of the peak potential, peak separation and estimated formal redox potential associated with Table 1 , where values from relevant literature were also included. The values for pelleted and coated LaNiO 3 electrodes are very similar, and consistent with the published ones, for the same oxide electrode [6, 7, 9] . The peak separation is analogous for the two kinds of electrodes suggesting comparable electrochemical reversibility. It can be noted, from the figure, that the current densities for the coating are much higher than those of the pelleted electrode, indicating a contribution from the Ni foam support, as a result of electrolyte contact with the substrate, through the pores, in accordance with the observed during opencircuit potential measurements.
Roughness and morphology factors
The electrode's capacitance has been estimated from the charging currents (i dl ) recorded between -0.050 and ?0.050 V vs. Hg/HgO, where no faradaic currents were observed (Fig. 5a, b) , at sweep rates (m) varying from 4 9 10 -3 to 80 9 10 -3 V s -1 . The voltammetric profiles
show the typical capacitor-like characteristics in the form of almost rectangular cyclic behaviour (Fig. 5b) . However, with the increase of sweep rate, the curves show a clear distortion at the switching potential due to solution and electrode resistance. The charging currents were measured for each sweep rate, at a potential located within the last 20 % of the potential interval covered, in accordance with the procedure proposed by da Silva et al. [25] . The plots i dl vs. m are presented in Fig. 5c, for [25] , the two linear regions can be correlated with the morphology of highly porous/rugged films and the change on the slope, for high sweep rates, to the exclusion of surface areas of more difficult access.
The double layer capacitance (C dl ) of the Ni foam support and LaNiO 3 /1 M KOH interfaces was calculated from the slope of the linear regions for m B14 9 10 -3 V s -1 . The electrodes' roughness factor (R f ) was determined, using 60 and 20 lF cm -2 as the C dl values for oxide [26] and metallic [27] smooth surfaces, respectively, and the values are displayed in Table 1 . The coatings' roughness factor is much higher than those reported in relevant literature, for the same oxide (see Table 1 ). In fact, a large interval of R f values are found in relevant literature, which is closely related with the oxide/ electrode preparation conditions, being one of the most important factors controlling the overall behaviour of oxide electrodes [2, 28] . The clear enhancement of roughness for the coated electrodes, prepared in this work, can be associated with the electrode preparation method Cyclic voltammetry EIS The pellets are &29 % rougher than the coated electrodes, and the R f compares well with the literature values ranging from 5,600 to 1,500 for the same type of electrodes [3, 29] .
To evaluate the electrochemical porosity of the oxide surfaces the morphology factor, u, defined as the ratio of the differential capacity of the internal region of the film (C i ) and the total differential capacity C i /C dl , has been determined [25] . The C i values were obtained by subtracting the slopes of the linear segments of the i dl vs. m plots for the low and high sweep rate regions (see Table 2 ). The calculated morphology factors for the coated and pelleted electrodes are 0.29 and 0.22, respectively. These low u values (\0.3) indicate that the electrodes have a low electrochemical porosity. The enhanced roughness and low electrochemical porosity of the oxide electrodes can be explained by the major role played by the oxide/solution macroboundary (outer surface), with a small contribution of the oxide/solution microboundaries, due to the penetration of the solution into pores and intergrain regions (inner surface) [30] . Values varying from 0.41 to 0.82 are referred to in relevant literature for LaNiO 3 /Ni-PVC electrodes in 1 M KOH depending on the conditions and time of cycling [11] .
Impedance measurements
The double layer capacitance was also estimated for the two kinds of LaNiO 3 electrodes by electrochemical impedance spectroscopy (EIS) in the range of potentials from -0.050 to ?0.050 V vs. Hg/HgO. Typical results are presented in Fig. 6 . The response of the system was fitted so that deconvolution of the contributions from the capacitive and resistive components is made possible. To simulate the double layer of the electrode/electrolyte interface, the use of a simple capacitor is only acceptable in situations where the electrolyte is concentrated and the electrode can be considered smooth. In this case, results were modelled with an equivalent circuit in which the capacitance was replaced with a constant phase element (CPE) to reflect the geometrical effect. The impedance of the CPE is defined according to Eq. (1)
where Y 0 is the capacitance, j is the square root of -1, w is the frequency and n is the CPE ideality factor associated to the distortion of the capacitance due to electrode surface roughness. In order to compare the double layer values obtained by EIS with those obtained by CV, low frequency impedance data were selected to be modelled using an equivalent circuit which includes the pore impedance constituted by the pore resistance (R 2 ) and a constant phase element (CPE1) connected in series [31] . Data plotted in the complex plane (Fig. 6a) , are characterised by a vertical line at low frequencies with a deviation from the ideal capacitive behaviour being less for the pellet electrode. Figure 6b , c show the Bode plots with phase angles between 75°and 80°. In the |Z| vs. frequency plot, the more resistive character of the Ni foam/LaNiO 3 coating is evident. Table 2 shows estimated values of C dl parameters found by EIS data for the coating and pellet LaNiO 3 electrodes using the equivalent circuit at low frequencies presented on the inset of Fig. 6a . The average double layer capacitances are in absolute value lower than those obtained by CV, but their ratio is the same, as Table 3 shows, yielding R f values of the same order of magnitude. The pore resistance was also estimated with values of 0.169 ± 0.038 and 0.045 ± 0.009 X cm 2 obtained for the coating and pelleted electrodes, respectively.
On the other hand, the ratio between the morphology factors for the pelleted and coated electrodes is comparable to the ratio of the root-mean-square roughness estimated by AFM. This is a very interesting result that suggests that both techniques give similar information concerning the porous nature of the oxide electrode.
Comparing the roughness and morphology factors, for both electrodes, it can be concluded that the processes involved are mainly due to the reaction of OH -ions at the oxide electrode surface:
Considering the size of the OH -ion, it is not surprising that there is little bulk interaction due to the diffusion of OH -ions into the oxide pores.
Conclusions
As a result of this work it can be concluded that Ni foam is suitable to use as support for oxide electrodes. The experimental method used in this work to synthesise the oxide coupled with the use of Ni foam as support has proved to be very effective in producing oxide electrodes with surface area higher than those referred to in relevant literature.
This work also shows that CV is a convenient method for the assessment of porous oxide electrodes. The coupling of CV and AFM provides a suitable way of obtaining a more complete understanding of the oxide electrodes. EIS measurements confirm the results obtained by CV and they also give additional information about the porosity of the electrodes.
Overall, it can be said that this study has provided valuable insights into the methodology to prepare oxide electrodes with high surface area.
